The catalytic subunit of DNA-dependent protein kinase (DNA-PKcs) is the key functional element in the DNA-PK complex that drives nonhomologous end joining (NHEJ), the predominant DNA double-strand break (DSB) repair mechanism operating to rejoin such breaks in mammalian cells after exposure to ionizing radiation. It has been reported that DNAPKcs phosphorylation and kinase activity are critical determinants of radiosensitivity, based on responses reported after irradiation of asynchronously dividing populations of various mutant cell lines. In the present study, the relative radiosensitivity to cell killing as well as chromosomal instability of 13 DNA-PKcs site-directed mutant cell lines (defective at phosphorylation sites or kinase activity) were examined after exposure of synchronized G 1 cells to 137 Cs c rays. DNA-PKcs mutant cells defective in phosphorylation at multiple sites within the T2609 cluster or within the PI3K domain displayed extreme radiosensitivity. Cells defective at the S2056 cluster or T2609 single site alone were only mildly radiosensitive, but cells defective at even one site in both the S2056 and T2609 clusters were maximally radiosensitive. Thus a synergism between the capacity for phosphorylation at the S2056 and T2609 clusters was found to be critical for induction of radiosensitivity. g 2011 by
INTRODUCTION
DNA double-strand breaks (DSBs) are the principal lesions responsible for the major biological effects of radiation. Such DSBs can be repaired in mammalian cells by at least two major pathways: nonhomologous end joining (NHEJ), which operates throughout the cell cycle, or homologous recombination repair (HRR), which operates during S or G 2 (1) . The NHEJ pathway uses several enzymes that capture both DNA ends and bring them together in a synaptic complex to facilitate direct ligation of the DNA break (2) . One of the first enzymes to be attracted to DSBs is the Ku70/80 heterodimer; subsequently, the DNA-Ku70/80 scaffold recruits a large 460-kDa serine/threonine kinase called the DNA-dependent protein kinase catalytic subunit (DNA-PKcs). The protein complex formed after the association of both Ku70/80 and DNA-PKcs at the DNA ends is generally referred to as the DNAdependent protein kinase (DNA-PK). DNA-PK kinase activity was shown to be dependent on the functional Ku protein (3, 4) . The xrs-6 cells defective in Ku DNA binding lack DNA-PK activity and DSB repair, both of which can be restored in xrs-6 cells by introducing wildtype Ku80 (3) .
A greater degree of radiosensitivity has been reported in terms of the extent of DNA repair, cell killing and chromosomal aberrations in Ku-deficient cells than in DNA-PKcs-deficient cells (5-7). In addition, Ku70/80-deficient xrs-5 and -6 cells have been reported to have greatly reduced cellular repair throughout cell cycle, no radiation dose-rate effect, and no repair of potentially lethal damage (8) . The cell cycle effect in particular appears to be significantly different in Ku70/80-deficient cells and DNA-PKcs-deficient cells (9) (10) (11) (12) (13) (14) .
Several activities of DNA-PKcs have been shown to contribute its function in DSB repair, including the intrinsic kinase activity and phosphorylation. The kinase activity of DNA-PKcs is essential for DSB repair (15) , likely through phosphorylation and regulation of NHEJ factors including DNA-PKcs itself (2) . Thus far, many phosphorylation residues of DNA-PKcs have been identified both in vitro and in vivo (16) (17) (18) (19) (20) (21) (22) . Most of the DNA-PKcs phosphorylation sites are in the S/TQ motifs (serine or threonine followed by a glutamine residue) commonly present in many DNA damage repair proteins and are the cognate substrates of PIKK kinases (23) . In addition, the critical phosphorylation residues of DNA-PKcs are largely concentrated at the T2609 and the S2056 clusters (16) (17) (18) (19) (20) . Although the mechanism for DNA-PKcs phosphorylation remains to be clarified, as is the case for its kinase activity, DNA-PKcs phosphorylation is required for DSB repair.
The present study was designed to measure and compare the relative radiosensitivity of G 0 /G 1 synchronized site-directed mutant cells involving phosphorylatable residues of the T2609 cluster (16) (17) (18) , the S2056 cluster (19, 20) , and the carboxyl-terminus PI3K domain (15) of DNA-PKcs. Radiosensitivity examined in asynchronous randomly dividing cell populations may be dependent on the cell line because it represents the average response of a mixture of cells in different phases of the cell cycle, particularly of cells in the most radioresistant phases (24) (25) (26) . In such instances the contributions of other processes such as HRR greatly complicate the interpretation of results. We have thus chosen to study synchronized cell populations in which repair will occur primarily via the NHEJ pathway to reduce the confounding factor of differences in cell cycle distribution among different cell lines.
MATERIALS AND METHODS

Cell Lines and Cell Culture
For these studies, we employed the wild-type Chinese hamster cell lines CHO (27) and AA8 (28) , NJEJ-deficient xrs-5 cells (29) and V3 cells (10) , and cell lines derived from DNA-PKcs null V3 cells with complemented human DNA-PKcs cDNA containing amino acid substitutions at various positions that are described in Fig. 1 and Table 1 (15, 16, 18, 19) . The cells were maintained at 37uC in a humidified 95% air/5% CO 2 atmosphere in Eagle's minimal essential medium (MEM, containing 52 mg/liter isoleucine) supplemented with 10% heat-inactivated fetal bovine serum, penicillin (50 mg/ml), and streptomycin (50 mg/ml). When the cultures approached 30% confluence in T-25 tissue culture flasks, the normal growth medium was removed. The medium was then changed twice at 24-h intervals to isoleucine-deficient MEM containing 5% 33 dialyzed fetal bovine serum to synchronize the cells in G 0 /G 1 phase. The experiments were initiated 1 day after the second medium change. At this time the cells were synchronized in G 0 /G 1 phase (30) . Cells were pulse labeled with 30 mM BrdU for 15 min and then fixed in 70% ethanol. Fixed cells were treated with 0.1 mg/ml RNase A and 3N HCl sequentially for 30 min at 37uC, then incubated with BrdU antibody conjugated with Alexa Fluor 488 (Invitrogen) for 2 h at 37uC. The cells were analyzed using a FACScan flow cytometer and CellQuest software (BD Biosciences). Although more than 10% S-phase cells were observed in some of the cell lines, others showed many fewer S-phase cells after IL-deficient synchronization as shown in Table 2 . The mean doubling time was determined from the linear portion of the growth curves of the exponentially growing cell population.
Irradiation and Colony Formation
Synchronized G 0 /G 1 cells were irradiated aerobically at room temperature. The radiation source was a J. L. Shepherd and Associates irradiator that emitted 137 Cs c rays at a dose rate of 2.5 Gy/min. Survival curves were obtained by measuring the colonyforming ability of irradiated cell populations. Cells were plated postirradiation onto 100-mm plastic petri dishes and incubated for 7-10 days for colony formation. The dishes were then fixed with 100% ethanol and stained with 0.1% crystal violet solution. A colony with more than 50 cells was scored as a survivor.
Chromosome Analysis
Exponentially growing cells were irradiated with 137 Cs c rays at a dose rate of 2.5 Gy/min. Colcemid was added to a final concentration of 1 mg/ml starting at 30 min after irradiation, and the cells were harvested 4 h later so that the mitotic cells collected would have been in late-S/G 2 phase at the time of irradiation (48) . Mitotic cells were harvested by trypsinization and hypotonic treatment. Cells were fixed in methanol:acetic acid (3:1) and chromosomes were spread by airdrying (31) . After the slides were stained with Giemsa, chromosome aberrations were scored.
RESULTS AND DISCUSSION
In a study using asynchronous exponentially growing cells, it was reported that DNA-PKcs cell lines containing site-directed mutation at the S2056/T2609 clusters as well as the C-terminal phosphatidylinositol 3-kinase (PI3K) kinase domain were radiosensitive (15) (16) (17) (18) (19) (20) . The synchronized DNA-PKcs mutant cell lines irs-20 and V3 were very radiosensitive when irradiated in the G 1 phase (nearly the same as Ku80-deficient xrs-5 cells) but displayed rapidly increasing cell survival (decreasing radiosensitivity) when they were irradiated throughout S phase, peaking at late S phase and then declining (13, 19, 32) . Because other DNA repair 
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processes such as HRR also contribute to survival but operate virtually exclusively during S and G 2 , it is important to study radiosensitivity with synchronous G 1 -phase cells for proper interpretation of results. The present study was performed with cells incubated in isoleucine-deficient medium to synchronize the cell populations in G 0 /G 1 phase (30) . The radiosensitivity of cells synchronized in G 1 by isoleucine deprivation is (33) . The experiments were carried out after all cell line designations were coded blindly as lines 1-12 and 14 without knowing the genotype of each cell line. Radiation effects on survival and chromosomal aberrations were examined in the site-directed mutant cell lines with mutations at the S2056 cluster, the T2609 cluster and the PI3K domain (Table 1 and Fig. 1) . Table 3 shows cell killing after irradiation in G 0 /G 1 as well as radiation-induced total chromosomal aberrations in late S/G 2 -phase cells among the various Chinese hamster cell lines compared to the DNA-PKcs site-directed mutant cell lines. We measured the D 0 and D 10 from complete survival curves for determining relative radiosensitivity as described in the last column and footnotes in Table 3 . These survival curves are shown graphically in Fig. 2 .
Both the L-2 and L-3 cell lines contain the mutated T2609 cluster, in which all six serine/threonine sites were replaced with alanine (A). When irradiated in the G 0 /G 1 phase, these cell lines were very radiosensitive and fell in the same shaded area on the dose-survival plot as xrs-5 and V3 cells (L-7 empty vector) ( Fig. 2A) . L-14 cells also containing a mutated T2609 cluster with three threonine residues were replaced with alanine (T2609A/T2638A/ T2674A) and showed intermediate radiosensitivity, but they were more radiosensitive than L-6 cells, in which only a single amino acid was replaced (T2609A) (Fig. 2A) .
The single-site replacement of alanine in L-5 (S2056A) and L-6 (T2609A) mutant cell lines resulted in only mild hypersensitivity to radiation. However, L-4 (S2056A/T2609A) cells displayed synergistically increased radiosensitivity compared to cell lines with complete loss of the T2609 cluster (L-3) or complete loss of the S2056 cluster. The hyper-radiosensitivity of L-4 cells in G 0 /G 1 is distinctive from the mild radiosensitivity when exponentially growing cells were irradiated, whereas L-5 (S2056A) cells showed similar radiosensitivity to c rays in G 0 /G 1 phase or in asynchronous conditions (18, 19) .
It has been reported that the measurement of NHEJ direct end joining relative to alternative microhomologydirected end-joining activity increased dramatically in cells defective in NHEJ compared to the normal cell lines (34) . Although there was no significant difference in ionizing radiation-induced cell killing between S2056A (L-5) and S2056A/T2609A (L-4) cells when they were irradiated in asynchronous cultures, measurement of microhomology-directed end joining showed a significant increase (,80%) in S2056A/T2609A (L-4) cells as well as in V3 (L-7) cells, whereas S2056A (L-5) and T2609A (L-6) cells showed less induction (,60%) of microhomology-directed end joining (19) . The difference in microhomology-directed end joining suggests that NHEJ repair is severely compromised in L-4 (S2056A/ T2609A) cells, reflecting the hyper-radiosensitivity of L-4 cells irradiated in G 0 /G 1 . The results also implied that the two sites (S2056 and T2609) may have some kind of interaction or synergistic effect on radiosensitivity. It is not clear why there are large differences in sensitivity for radiation-induced cell killing between L-4 and L-5/L-6 cells. Although the S2056 and T2609 clusters are 553 amino acids apart (Fig. 1) , this does not exclude a closer location that depends on the three-dimensional structure of DNA-PKcs leading to synergistic interaction that could increase radiosensitivity in the L-4 cell line.
The kinase activity of DNA-PKcs is essential for NHEJ repair because kinase-dead DNA-PKcs mutant cell lines (L-8, -9, -10 and -11) with site-directed mutations within the conserved PI3K domain significantly lowered DNA-PKcs kinase activity and increased radiosensitivity, even though they contained different amino acid substitutions or truncation (15) . All four kinase-dead mutant cell lines were very sensitive when the cells were irradiated in G 0 /G 1 phase (Table 3 and Fig. 2B ) and displayed five to ten times greater radiosensitivity in G 0 /G 1 phase than in asynchronous cell populations with 2 Gy (15) .
In addition to investigating radiosensitivity of each mutant cell lines in G 0 /G 1 , we found that aneuploidy occurred in several DNA-PKcs mutant cell lines, as shown in Table 2 . The L-2 and L-3 cell lines, in which all six phosphorylation residues of the T2609 cluster were substituted to alanine, were both very radiosensitive and aneuploid. Aneuploidy was also found in L-4 (S2056A/ T2609A) cells but not in the single-site mutated L-5 (S2056A) and L-6 (T2609A) cell lines. On the other hand, two L-12 cell lines (L-12-10, L-12-15) in which all five putative phosphorylation residues of the S2056 cluster were substituted to alanine showed only mild radiosensitivity in G 0 /G 1 phase (Table 3 and Fig. 2A ) but displayed severe aneuploidy ( Table 2 ). All four kinase-dead mutant cell lines with different types of mutations at the PI3K domain were very radiosensitive (Table 3 and Fig. 2B ), but only the L-9 cell line was aneuploid (Table 2) . While there was no direct causeand-effect relationship seen between aneuploidy and radiosensitivity, it cannot be ruled out that certain DNA-PKcs mutations can lead to a propensity to develop aneuploidy.
Total spontaneous chromosomal aberrations as well as chromosomal aberrations induced by 0.5 Gy c rays in G 2 were analyzed in wild-type (CHO and AA8) and NHEJ mutated cells (Ku 70/80 deficient xrs-5 and DNAPKcs site-directed mutant cell lines). There were higher frequencies of spontaneous chromosomal aberrations in NHEJ mutated cells than in wild-type CHO and AA8 cells (Table 3 ). This may suggest that these mutant cell lines developed genetic instability and/or aneuploidy during the process of establishing stable mutant clones (Tables 2 and 3 ). An assay of radiation-induced G 2 chromosomal aberrations was performed by irradiating exponentially growing cells followed by 4 h of Colcemid treatment starting 30 min after irradiation. Mitotic cells collected under this protocol would have been in late S/ G 2 phase at the time of irradiation (48) . The G 2 -phase chromosomal assay has been applied to number of radiosensitivity and cancer predisposition syndromes (35) (36) (37) (38) . Chinese hamster cells deficient in either NHEJ or HRR showed similar increases in radiation-induced chromosomal aberrations in late S/G 2 phase (39-42). (Table 3 ). These two cell lines showed near normal radiosensitivities and near diploid chromosome numbers (Tables 2 and 3 ). It is notable that L-12 cells, which contain the mutated S2056 cluster, in which all five serine sites were replaced with alanine, displayed a high frequency of spontaneous and radiation-induced chromosomal aberrations, although L-12 cells showed only mild radiosensitivity in G 0 /G 1 phase (Table 3 and Fig. 2A) .
The relationship between DNA-PKcs activity and DSB repair underlying the NHEJ mechanism has been widely studied. Results from the current study provide further insight into the contributions of different modifications of DNA-PKcs activity (phosphorylations and kinase activity) to radiosensitivity phenotypes in G 0 / G 1 -phase cells. Mice deficient in DNA-PKcs and NHEJ components have been characterized by increased sensitivity to agents causing DNA damage as well as to chromosomal instability, immunodeficiency and predisposition to thymic lymphomas (43) . Studies of clinical samples have also correlated DNA-PKcs activity with cancer risk and prognosis. A reduction of DNAPKcs expression or DNA-PK kinase activity in peripheral blood lymphocytes (PBL) has been found in bronchial epithelial cells (a progenitor cell for lung cancer) (44) and was associated with a risk for breast and uterine cervix cancer as well as an increased frequency of chromosomal aberrations (45) . Negative expression of DNA-PKcs has also been correlated with tumor progression and poor patient survival in gastric cancer (46) . Recently, several point mutations of DNAPKcs have been identified in breast tumor samples; one such mutation, Thr2609Pro, occurred specifically at the T2609 phosphorylation cluster (47) . Taken together, these results suggest a tumor suppressor role of DNAPKcs in the development of cancer.
In summary, this study focused on radiosensitivity and chromosomal instability in site-directed DNA-PKcs mutant cell lines after c irradiation in the G 0 /G 1 phase. Very clear differences in radiosensitivity were observed among cell lines mutated in the T2609 cluster, the S2056 cluster and the PI3K kinase domain. Additionally, an interesting synergism between defects in phosphorylation sites that occur together in both the S2056 and T2609 clusters was found to be critical for conferring maximum hypersensitivity to radiation-induced cell killing, comparable to DNA-PKcs null mutants.
